Increased soil organic matter (SOM) improves the cation exchange capacity of tropical weathered soils, and liming is required to achieve high yields in these soils. Despite a decrease in SOM in the short term, liming may increase SOM with time by improving cation chemical bonds with soil colloids. Soil C may also be increased in high dry matter input cropping systems. We evaluated C changes in a Typic Rhodudalf as affected by four production systems with increasing residue inputs, with or without limestone or silicate. Soil use intensification by increasing the number of species in rotation as well as acidity remediation resulted in higher plant residue production. Introducing a green manure or a second crop in the system increased plant residue by 89% over fallow, but when a forage crop was used, plant residues more than doubled. Soil acidity amelioration increased plant residue deposition by 21% over the control. The introduction of a forage crop increased labile SOM and C contents in the particulate fraction, and lime or silicate application led to increases in the more stable SOM fraction. High amounts of plant residues (>70 Mg ha −1 in 5 yr) are effective in raising soil labile C, but the alleviation of soil acidity results in increased soil stable C irrespective of crop rotations in tropical weathered soils, and in this case plant residue deposition can be lower. Lime and silicate are equally effective in alleviating soil acidity and increasing soil C, probably due to the formation of cation bridges with soil colloids.
Abbreviations: MOC, mineral-associated organic carbon; NT, no-till; OM, organic matter; POC, particulate organic carbon; SOM, soil organic matter; TOC, total organic carbon.
Soil organic matter (SOM) is an indicator of soil quality and affects soil physical, chemical, and biological characteristics. No-till (NT) management can increase SOM, both through constant addition of plant residues on the soil surface and through a decrease in its decomposition rate (de Souza Nunes et al., 2011) . Positive results in SOM accumulation under NT systems are related to a decrease in soil C emissions to the atmosphere ), a decrease in soil C lost via surface runoff (Larsen et al., 2014) , and an increase in soil C as a result of crop rotations (Conceição et al., 2013 ). An important effect to be emphasized is the possibility of recovering lost SOC fractions by adopting high biomass-C inputs (>7 Mg ha −1 ) in cropping systems under NT management (Tivet et al., 2013) , but the impact of NT management on SOC is soil and site specific (Christopher et al., 2009; Mishra et al., 2010) . However, most of the research done so far has compared cropping systems at different sites, with weak experimental control, and Ogle et al. (2014) suggested that the agricultural research on this topic should have more experimental control.
Most weathered tropical soils have low organic matter (OM) content. Furthermore, high temperatures and moisture in part of the year result in fast decomposition of plant residues incorporated in the soil or maintained on the surface (Bolliger et al., 2006) . In addition, irregular rainfall and a dry winter hinder C additions because the growth of cover crops is impaired and the amount of plant residues produced in the off-season is low. Therefore, the choice of cover crops is paramount for the sustainability of NT systems in tropical regions by adding biomass C and protecting the soil. The system sustainability The introduction of a forage into cropping systems under a tropical climate is important to increase soil particulate C, but more stable C is increased only when soil acidity is alleviated.
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and productivity may be also increased because a high and diversified input of biomass C can increase the resilience of soil C pools (Tivet et al., 2013) .
Most Oxisols have medium to high acidity, which limits plant growth as a result of Al toxicity and Ca and P deficiency. Hence, agricultural use of acidic soils requires acidity alleviation to neutralize toxic elements such as Al and supply Ca and Mg. In Brazil, the material most used for soil acidity alleviation is limestone; however, Ca silicate and Mg silicate were also shown to be suitable substitutes, with the advantage of supplying Si and having a faster reaction in the soil profile. Under NT management, surface application of both lime and silicate is recommended (Castro and Crusciol, 2013) . Furthermore, the lime reaction in soil results in free CO 2 being released to the atmosphere. Mineralization of lime carbonates has been suggested as one of the major sources of CO 2 emission from acid soils during agricultural liming (Dumale et al., 2011) . Although soil acidity alleviation accelerates SOM decomposition (Yao et al., 2009 ) by increasing microbial activity, there is evidence that soil C can be increased in the long term due to better edaphic conditions (Briedis et al., 2012) favoring crop development (Griève et al., 2005) . In addition, the application of lime or silicate on the surface without soil turnover allows the maintenance of soil aggregates and prevents SOM decomposition (Caires et al., 2006) . Soil amendments such as lime and silicate may also have an indirect effect on soil physical properties because they favor plant growth and increase SOM contents and microbial activity, which assist in soil aggregation (Griève et al., 2005) . However, as the analyses of SOM do not always detect soil changes caused by management systems, it is interesting to analyze soil total organic C (TOC) pools, which are more sensitive to soil management and better indicators of this dynamic (Dou et al., 2008) . The C contained in the different soil fractions, separated by size, is one of the best indicators of the degree of protection of SOM and its susceptibility to microbial degradation (Balabane and Plante, 2004) .
Altering the crop rotation can influence soil C stocks by changing the quantity and quality of organic matter inputs (Govaerts et al., 2009) , and a high (>7 Mg ha −1 ), diversified input of biomass C in intensive NT systems resulted in higher C resilience (Tivet et al., 2013) . The addition of lime or silicate to alleviate soil acidity also adds Ca and Mg, cations needed to bind SOM to soil colloids (Muneer and Oades, 1989) . The interaction of crop rotations and soil acidity alleviation on SOM are not known. We hypothesized that a crop rotation with high and diversified biomass-C inputs and soil acidity alleviation with lime or silicate would result in increased SOM by modifying the chemical and physical characteristics of the profile. Therefore, the aim of this study was to evaluate the changes in SOM amount and quality in the profile of a Typic Rhodudalf as affected by crop rotations with different dry matter inputs and surface application of lime or silicate for 5 yr. Table 1) .
Experiment Design
Treatments consisted of four production systems, with different species cropped as monocrops each year in the off-seasons of the cash crops from 2007 to 2011 (Table 2) , and sunn hemp (Crotalaria juncea L.) were cropped. Finally, the fourth system was fallow, i.e., without cover crops in the off-season. These cropping systems comprised the main plots, and lime, silicate, or a control were the subplots for a total of 12 treatments with eight replications. Plots were 5.4 m wide and 30 m long, while the subplots were 5.4 m wide and 10 m long. One row on each side of the subplots and 1.0 m at both ends were discarded as borders. Details on crops, planting, harvests, and crop management are shown in Table 3 .
Lime and silicate rates were calculated to raise the soil base saturation to 70%. In October 2006, before planting the first crop, 3.8 Mg ha −1 of limestone (360 g kg −1 CaO and 120 g kg −1 MgO, effective CaCO 3 equivalent [ECC] of 90%), and 4.1 Mg ha −1 of Ca-Mg silicate (340 g kg −1 CaO and 100 g kg −1 MgO, ECC 10%; and 220 g kg −1 SiO 2 , ECC 80%) were applied to the corresponding plots.
Plant and Soil Sampling and Analyses
Dry matter yields of the second crop, cover crops, and the summer crop were determined at full flowering. Three subsamples were randomly taken from each subplot using a wooden square (0.25 by 0.25 m). In the other treatments (fallow and forage crop), samples were taken before planting the summer crop in the following crop year. The plant material collected was dried to constant weight in a forced-air oven at 65°C. Soil samples were collected after the p. 3 of 8 second crop of the third year, i.e., in October 2011 from the 0-to 0.05-, 0.05-to 0.10-, and 0.10-to 0.20-m soil layers using a soil core probe. These soil depths were chosen because differences in soil C were observed only down to 0.20 m after 6 yr (Franzluebbers and Stuedemann, 2013) . Four subsamples were taken at random from each subplot and combined into one composite. Soil samples were air dried, ground, passed through a 2-mm sieve, and then analyzed for TOC and total N using dry combustion in a CHN-S elemental analyzer (LECO TruSpec). Soil organic matter was fractionated as proposed by Cambardella and Elliott (1992) . In short, 20 g of soil (air-dried fine soil) were placed in 200-mL plastic cups with lids, and 80 mL of sodium hexametaphosphate was added (5 g L −1 ). The samples were then placed in a horizontal shaker for 15 h. The suspension was passed through a 0.053-mm sieve, and the material retained in the sieve was dried to constant weight at 50°C. Dry matter was determined, the material was ground in a porcelain mortar, and organic C was determined by dry combustion. This was considered the particulate organic C (POC). The Vadose Zone Journal p. 4 of 8 mineral-associated organic C (MOC) was calculated by the difference between TOC and POC. Soil C lability was determined as the POC/MOC ratio ).
Statistical Analysis
The experimental design was a split plot in randomized complete blocks with eight replications. The cropping systems were the main plots, and lime, silicate, and the control were the subplots. Results were analyzed using ANOVA. All statistical analyses were performed using the SAS/STAT software package (SAS Institute, 2000) . Means were compared using the least significant difference (LSD, p < 0.05).
Results
There was no significant interaction of the production systems with soil acidity alleviation (Table 4) . Soil acidity alleviation resulted in increased dry matter production, which was proportional to the soil use intensity and highest in the system where a forage crop was present (Table 5 ). Lime and silicate application had no effect on total soil N, but fallow in the off-season resulted in higher total N contents in the 0.10-to 0.20-m layer compared with the second crop and cover crops treatments (Table 6 ). This effect was not observed in the uppermost soil layers. However, both lime and silicate application led to greater TOC contents in the upper 0.10-m soil layer compared with the control, with no effect of the cropping system. The introduction of a forage crop in the system increased POC down to 0.10 m in the soil profile. Soil acidity remediation increased POC in the 0.05-to 0.10-m layer. Mineralassociated C was increased in the 0-to 0.05-m soil layer by soil acidity alleviation (Table 6 ).
With regard to the soil C/N ratio, there was a difference only in the 0-to 0.05-m layer as a result of soil acidity remediation. The use of limestone or silicate increased the C/N ratio in this layer (Table 7) . The POC/MOC ratio was increased with soil use intensity (Table 7) .
Discussion
As expected, cropping systems resulted in a wide variation in the amount of straw produced and left on the soil surface (Table 5) . Nitrogen inputs were different in each cropping system due to the introduction of legumes such as pigeon pea; however, an expected increase in soil N was not observed (Table 6 ). An explanation for this result is that under NT, a major part of the N in the system is retained in plant residues, as the rate of N recycling to the soil is slow, depending on the mineralization rate of the straw (Rosolem et al., 2010) . Besides, a higher N demand by plants grown in the off-season was probably compensated by the mineralization of the greater amount of residues remaining on the soil surface in each season. An increase in soil N in the layer from 0.10 to 0.20 m under fallow was observed, probably as a result of a lower extraction of this nutrient in this layer, corroborating results obtained by Nascente et al. (2013) .
The increases in TOC due to soil acidity alleviation were, on average, 17 and 11% in the 0-to 0.05-and 0.05-to 0.10-m layers, respectively, compared with the control (Table 6 ). Franzluebbers and Stuedemann (2013) analyzed C stocks of the soil profile down to 1.5 m and observed differences between soil management systems only in the soil layer from 0 to 0.20 m. The TOC increase in the uppermost soil layers may be due to the greater input of dry matter through plant residues in treatments with limestone or silicate (Table 5 ) because the maintenance of residues on the soil surface accumulates more C in stable macroaggregates and increases soil organic C (Tian et al., 2014) . Briedis et al. (2012) also observed an increase in TOC contents to the depth of 20 cm after 8 yr of surface application of limestone, and the greatest proportional increase in TOC occurred in the labile fraction of the SOM. According to them, greater accumulation of TOC in the uppermost soil layer is common under NT and is due to the continual contribution of residues without soil turnover.
Although the different production systems did not affect the contents and stocks of TOC in the soil, the forage crop treatment increased POC down to 0.20 m ( Table 6 ). The more labile soil C fractions are the first to be affected by crop rotations in the short term and are more efficiently increased by grasses than by legumes (Garcia et al., 2013) , which is consistent with our results. Furthermore, a differential input of plant residues by roots was observed in an integrated crop-livestock system compared with systems without grasses, both on the surface and in the soil profile (Salton et al., 2011) . The increase in POC is related to the increase in aggregate stability, which was shown to be possible to achieve by growing cover crops for 50 to 60 d during the spring for three consecutive years (Calonego and Rosolem, 2008; Garcia et al., 2013) . Castro et al. (2011) observed that soil aggregation is greater when ruzi grass is used as a cover crop under NT.
In the present experiment, treatments including a forage crop and/ or soil acidity amelioration resulted in the highest POC contents, corroborating the results of Garcia et al. (2013) , who obtained lower TOC and POC contents up to the 0.10-m depth in areas lying fallow in the spring on a very similar soil. This positive relationship between dry matter input and POC arises because this fraction of SOM represents the coarse and most labile fraction of the OM, being composed of particles derived from plant residues and fungal hyphae (Cambardella and Elliott, 1992; Bayer et al., 2002) . Therefore, under NT the increase in C contents in this fraction of the SOM is common, especially in the uppermost soil layers, due to the input and maintenance of plant residues on the soil, as observed by Nascente et al. (2013) . As also reported by Nascente et al. (2013) , physical fractionation of SOM was important to assess soil quality, especially in detecting effects in the short term, since analysis of only TOC contents may not be enough to detect the effects of management practices. The particulate fraction of SOM is more sensitive to soil management practices because it changes according to variations in the input of plant residues and in the decomposition rates resulting from soil tillage (Bayer et al., 2002 ).
An effect of crop rotation on MOC, the SOM fraction with the greatest stability, was not observed due to an interaction with the surface of the minerals, as reported previously (Buyanovsky et al., 1994; Dieckow et al., 2009) . Soil organic matter can be affected by management systems only in the long term, especially in clayey and very clayey soils (Diekow et al., 2005; de Souza Nunes et al., 2011) . However, significant differences in MOC occurred in the 0-to 5-cm layer as a result of the use of lime and silicate, which resulted in 20% more MOC on average than the control treatment. This result may be related to the effect of soil acidity alleviation improving soil fertility and, eventually, increasing dry matter yield and C inputs, as discussed above. In tropical soils with a predominance of kaolinitic clays and Fe and Al oxides in their clay fraction, an increase of C in the silt-and clay-associated fractions with soil acidity remediation may be explained by considering that the increased soil pH generates charges through the dissociation of the H + of OH groups from OM, clay minerals, and Fe and Al oxides, increasing the cation exchange capacity (Soares et al., 2005) . At the same time, higher Ca 2+ and Mg + availability in the soil solution may facilitate the association between clay and humus, which is supported by the high correlation observed between TOC and the Ca 2+ contents (Briedis et al., 2012) . The formation of cation chemical bonds between silicate clays and organic radicals is a common mechanism of SOM stabilization, and Ca is very important in the establishment of these bonds (Muneer and Oades, 1989) . Hence, these metal chemical bonds between the SOM and the minerals of the finest soil fractions constitute a chemical protection of the organic compounds, impeding their decomposition (Paul and Clark, 1989) .
Because there was no effect of the crop rotation systems on MOC but rather on POC to the depth of 0.10 m with the forage crop (Table 6 ), SOM lability was affected (Table 7 ). In the 0-to 0.10-m layer, the greatest proportion of labile organic matter was obtained with the introduction of a forage crop into the system. Bayer et al. (2009) observed a greater rate of C sequestration and an increase in the labile C ratios (POC/MOC) in systems where velvet bean (Mucuna ssp.) was present compared with other winter cover crops. These results may be due to a higher dry matter yield and root growth of velvet bean during the 8 yr of the experiment.
The increase in the C/N ratio in the uppermost soil layer with soil acidity remediation (Table 7) is a result of the increased Table 4 . Probabilities of the F values calculated and coefficients of variation for the total N content (TN), total organic C (TOC), particulate organic C (POC), mineral-associated organic C (MOC), and C/N ratio of the soil and lability of the organic matter (POC/MOC) in the 0-to 0.05-, 0.05-to 0.10-, and 0.10-to 0.20-m layers and for the stock of C and N in the 0-to 0.20-m layer of the soil. Table 5 . Accumulated straw production from 2006 to 2011 as a function of the crop rotation system and the soil acidity amendment. TOC, with no effect on total N contents (Table 6 ). In treatments with and without lime or silicate, the C/N ratio in the 0-to 0.05-m layer was around 16 and 13, respectively, indicating that soil acidity alleviation increases unstabilized TOC because in unplowed tropical soils, the C/N ratio stabilizes in the range from 10 to 15 (Stevenson, 1994) . Therefore, it is suggested that in treatments with high yields and very high C input to the system, N may have been deficient so as to maintain the balance of the soil C/N ratio, since these management practices did not affect total N (Table 6 ). According to Boddey et al. (2010) , in crop rotation systems in which N is deficient, C is lost mainly as CO 2 .
Conclusion
The use of limestone and silicate to alleviate soil acidity resulted in increased SOM quantity and quality, showing that the amount of C lost to the atmosphere with liming may not be significant when the entire system is considered. Management practices that improve crop dry matter yields may be effective in increasing total soil C in the long term, but in the short term, 5 yr in the present study, there was no correlation between the amount of straw on the soil surface and soil C. However, the interaction of crop rotation with soil acidity alleviation increased soil C down to a depth of 10 cm in the soil profile, probably through C stabilization by cation chemical bonds. Although a higher resilience has been observed for some soil C pools Table 6 . Total N (TN), total organic C (TOC), particulate organic C (POC) and mineral-associated organic C (MOC) contents in the 0-to 0.05-, 0.05-to 0.10-, and 0.10-to 0.20-m soil layers. Table 7 . Soil C/N ratio and lability of the organic matter determined as the particulate organic C/mineral-associated organic C ratio (POC/ MOC) in the 0-to 0.05-, 0.05-to 0.10-, and 0.10-to 0.20-m soil layers. with large and diversified inputs of biomass C in intensive NT systems, we demonstrated that the introduction of a forage crop in the off-season is sufficient to increase dry matter to the system and labile SOM, with an increase just in the particulate C fraction. However, it is necessary to apply lime or silicate to increase the mineral-associated SOM fraction, which is a more stable form of SOC.
